Chronic pain is one of the most common health complaints in industrial nations. For example, chronic low back pain (cLBP) disables millions of people across the world and generates a tremendous economic burden. While previous studies provided evidence of widespread functional as well as structural brain alterations in chronic pain, little is known about cortical changes in patients suffering from lumbar disc herniation. We investigated morphometric alterations of the gray and white matter of the brain in patients suffering from LDH. The volumes of the gray and white matter of 12 LDH patients were determined in a prospective study and compared to the volumes of healthy controls to distinguish local differences. High-resolution MRI brain images of all participants were performed using a 3 Tesla MRI scanner. Voxel-based morphometry was used to investigate local differences in gray and white matter volume between patients suffering from LDH and healthy controls. LDH patients showed significantly reduced gray matter volume in the right anterolateral prefrontal cortex, the right temporal lobe, the left premotor cortex, the right caudate nucleus, and the right cerebellum as compared to healthy controls. Increased gray matter volume, however, was found in the right dorsal anterior cingulate cortex, the left precuneal cortex, the left fusiform gyrus, and the right brainstem. Additionally, small subcortical decreases of the white matter were found adjacent to the left prefrontal cortex, the right premotor cortex and in the anterior limb of the left internal capsule. We conclude that the lumbar disk herniation can lead to specific local alterations of the gray and white matter in the human brain. The investigation of LDH-induced brain alterations could provide further insight into the underlying nature of the chronification processes and could possibly identify prognostic factors that may improve the conservative as well as the operative treatment of the LDH. 
Introduction
Chronic low back pain (cLBP) disables millions of people across the world and generates a tremendous economic burden. Recent studies estimated the direct and indirect costs of back pain up to $624.8 billion [1, 2] . Less than 5% of cLBP patients suffer from lumbar disc herniation (LDH). Nevertheless, more than 30% of annual costs for the medical care of cLBP are spent on conservative as well as invasive treatment strategies in this specific patient population [3] . Although previous findings showed that herniated intervertebral discs occur in asymptomatic patients [4, 5] several authors defined selection criteria for surgical treatment based on classification of the magnetic resonance imaging (MRI) findings of the spine [6] [7] [8] [9] [10] . Previous studies compared the efficiency of non-surgical management and surgical treatment of LDH [11] [12] [13] [14] [15] . Thus, surgical treatment tends to improve symptoms like pain and motor weakness more efficiently than conservative management. The differences, however, were small and not always statistically significant for the outcome and surgery did not improve the return-to-work rate as compared to non-surgical treatment. Additionally, in a very recent study El Barzouhi et al. [16] revealed that the MRI assessment of disk herniation one year after the treatment did not distinguish between patients with a favorable outcome and those with an unfavorable outcome. Unfortunately, until now no factors were identified that can predict which patients are likely to improve by a non-surgical management and which should better be treated with surgery [17] [18] [19] .
The adult brain has a remarkable capacity for morphological alterations following learning and adaption processes to a changed environment [20] [21] [22] . An increasingly large body of evidence indicates that functional and structural brain adaptations play a crucial role in mediating acute and chronic pain disorders. In recent studies, acute pain has been associated with structural as well as functional brain alterations predominantly in the somatosensory system, particularly the thalamus [23, 24] . Chronic pain, however, appears to be more complex. Previous studies using functional and structural brain imaging showed that chronic regional pain is accompanied by dysfunctions of central inhibitory and modulatory systems [23] [24] [25] [26] [27] [28] [29] [30] . Ung et al. [31] revealed that these changes are specific and therefore can be classified for diagnostic reasons. Cortical changes of the brain resulting from back pain have the potential to enhance our understanding of the neuropathology of cLBP and therefore optimize conservative as well as surgical strategies. To date, no study has directly investigated possible morphometric changes of the brain associated with chronic pain due to lumbar disc herniation. In the present study we investigated gray and white matter alterations in the brain in patients with chronic back pain resulting from LDH.
Patients and Methods
The study was approved by the Local Ethics Committee of the Medical Faculty of the University of Magdeburg in compliance with national legislation and the Code of Ethical Principles for Medical Research Involving Human Subjects of the World Medical Association (Declaration of Helsinki).
Subjects
The study comprised two groups: 12 patients (mean age 43.9612.9 years) with chronic low back pain were enrolled in the study. The individual duration of the back pain exceeded at least 3 month. All patients were diagnosed with isolated lumbar disc herniation either at the level L4-5 or L5-S1 using spinal MRI. The second group consisted of 12 age-and gender-matched subjects and served as control group. No member of the control group had suffered from any back pain or neurological disorder. All participants gave their informed written consent. All subjects were neurologically examined prior to the MR imaging. The current mean level of back pain was quantified with the visual analogue scale (VAS).
MR Imaging
MR imaging was performed on a 3 Tesla Siemens Magnetom Trio scanner (Erlangen, Germany) using an 8-channel phased array head coil. A high-resolution anatomical dataset of the entire brain was acquired using a T1-weighted magnetization prepared rapid gradient echo (MPRAGE) sequence (field of view = 256 mm, matrix size = 2566256, slices = 192, slice thickness = 1 mm, repetition time = 2500 ms, flip angle = 7%) resulting in an isotropic resolution of 1 mm 
MRI Data Preprocessing
MRI data was analyzed using the voxel-based morphometry toolbox (VBM8 [32] ) implemented in SPM8 running under Matlab. 5 of 12 patients had left sciatica due to left mediolateral disc herniation. In order to achieve a comparable group, the images of these patients were flipped. In brief, the T1-weighted MR images of all subjects were bias corrected, segmented, and finally registered to the standardized Montreal Neurological Institute (MNI) space using the segmentation approach by Ashburner and Friston [33] . Gray matter (GM) and white matter (WM) segments were scaled using the Jacobian determinants of the deformation to account for distortions during linear and nonlinear transformation [33] . Finally, the modulated GM and WM densities were smoothed using an 8 mm FWHM (full width at half maximum) Gaussian kernel. For subsequent statistical analysis, we excluded all voxels with a GM value below 0.2 (with a maximum value of 1) to avoid possible partial volume effects near the border between GM and WM.
MRI Data Analyses
Differences of the GM and WM between both groups were estimated using a univariate voxel-based two-sample-t-test. The GM and WM volumes were compared as absolute units. In order to allocate the cytoarchitectonic reference the anatomical SPM toolbox by Eickhoff et al. [34] was used. All data and images are displayed in neurological convention.
Results
The control group reported a mean pain intensity of 0 and the neurological examination revealed no neurological deficits. LDH patients reported a mean pain intensity level of 7.260.9 ranging between 6 and 8. All patients suffered from low back pain and sciatica that radiated at least into one leg in a classic dermatomal distribution. In all patients, the pain was accompanied by numbness and tingling for at least 3 month. However, the clinical examination revealed no muscle weaknesses in any of the patients. The MRI examination of the spine discovered lumbar disc herniation at the level L4-5 in 5 patients and at the level L5-S1 in 7 patients.
Analyses of Gray and White Matter Changes
The examination of the T1-weighted MRI data of all subjects revealed no pathological brain alterations. Figure 1 and Table 1 show the results of the group-level analysis of gray matter volume changes. Compared to healthy controls, LDH patients showed significantly reduced gray matter volume in the right anterolateral prefrontal cortex (alPFC), the right temporal lobe, the left premotor cortex (PMC), the right caudate nucleus (CN), and the right cerebellum. Increased gray matter volume, however, was found in the right dorsal anterior cingulate cortex (dACC), the left precuneal cortex (PCu), the left fusiform gyrus (FusG), and the right brainstem. Additionally, bilaterally decreased as well as increased gray matter volume was found in the orbitofrontal cortex (OFC). Figure 2 shows the statistically significant changes of the white matter volume. Small subcortical decreases were found in the frontal lobes and in the anterior limb of the left internal capsule.
Discussion
Using voxel-based morphometry [32] our study showed significant local differences in gray and white matter volume between patients suffering from chronic low back pain (cLBP) and sciatica due to lumbar disc herniation (LDH) as compared to healthy controls. The findings can be divided into three main groups: (1) areas with decreased gray matter in LDH patients compared to healthy control group such as the right caudate nucleus and parts of the right cerebellum; (2) areas showing increased gray matter volume mainly involving the right dorsal anterior cingulate cortex (dACC), the left lateral precuneal region and the brainstem, and (3) regions that show decreased white matter volume such as in the anterior limb of the left internal capsule. Until recently, it has been hypothesized that chronic pain is associated with abnormal nociceptive and antinociceptive function but preserved normal brain structure [35] . The present findings support the contemporary assumption that chronic pain may lead to altered morphology and/or cytoarchitecture in brain regions that are crucial to pain perception and processing [29, [35] [36] [37] [38] [39] [40] [41] . The physiology of pain and pathophysiology of chronic pain is increasingly understood not only as an altered functional state, but also as a consequence of plasticity in the central nervous system [29] .
The present findings are consistent with most morphometric studies investigating structural brain plasticity in patients suffering from chronic pain [38] . As displayed in Figure 1 LDH patients showed an increased gray matter volume in the dorsal anterior cingulate cortex (dACC). These findings are highly consistent with recent studies. Teutsch et al. [35] observed a significant gray matter increase in the medial cingulate cortex resulting from repetitive painful stimulation. Bingel et al. [42] showed increased BOLD responses to repetitive nociceptive stimuli in the anterior cingulate cortex using functional magnetic resonance imaging (fMRI). Hence, the anterior cingulate cortex has been assumed to play a possibly predominant role in endogen pain control and habituation processing to chronic pain. Additionally, it is an intriguing observation that chronic opioid exposure leads to a dose-dependent gray matter increase in the cingulate cortex [43] . Interestingly, only one of the twelve patients used opioids for the treatment of chronic low back pain. The other patients used nonsteroidal anti-inflammatory drugs (NSAID) or renounced the frequent use of painkillers. A significant increase of gray matter volume was also found in the precuneus. This region is known to be involved in a wide spectrum of highly integrated tasks, including episodic memory retrieval and self-processing operations [44] . Several studies showed structural as well as functional alterations in this region [42, 45, 46] . Based on a Pavlovian conditioning study Kattoor et al. [47] proposed a central fear network including the anterior cingulate cortex (ACC) and the precuneus during associative learning. These regions are known to be crucially involved in the coordination of affective reactions to painful stimuli by encoding emotional and motivational demands [48] , which are therefore thought to specifically mediate the fear avoidance aspect of pain processing [49] . The brainstem is another region showing increased gray matter compared to the healthy controls. Several studies revealed pain-specific connectivity between the brainstem and cortical networks that are involved in pain processing using fMRI [50] [51] [52] . The findings are in line with the observations of several groups [53, 54] who found alterations of gray matter in the brainstem of patients suffering from chronic back pain indicating that prolonged pain perception is associated with cortical and subcortical reorganization. These structural alterations may play an important role in the process of the chronification of pain [39] . In contrast to these authors, we found an increase of gray matter in the brainstem. The patients of the present study suffered from neuropathic pain resulting from LDH. While Kim et al. [53] observed the gray matter decrease in patients with migraine the peripheral cause of cLBP in LDH patients might be an explanation for pain-specific changes of gray matter in the brainstem. In contrast to the brainstem a decreased gray matter volume of the right anterolateral prefrontal cortex (alPFC) was found in LDH patients. This region is believed to mediate analgesic effects of expected and perceived control over pain. Wiech et al. [55] described a neural basis for the analgesic effects of perceived pain control. The authors suggest that a decreased activation in the right alPFC may explain the maladaptive effect of unsuccessful coping during uncontrollable pain. Another decrease of gray matter was found in the right caudate nucleus. The caudate nucleus as part of the striatum is located in the basal ganglia (BG). A large body of evidence suggests that the basal ganglia are uniquely involved in thalamo-cortico-BG loops to integrate motor, emotional, autonomic and cognitive aspects of chronic pain [56] . Specific pain-induced activations in the caudate nucleus have been suggested to be a crucial part of the pain modulatory system of the brain [57, 58] . The authors indicate that these activations may reduce the affective components of the pain [56] . Thus, the detected decreased volume of gray matter could lead to a decreased activation in the right striatum. Subcortical structural changes in these regions may be associated with uncontrollable chronic pain. In contrast to some previous studies we found a decreased gray matter volume in the striatum. Increases in gray matter in the basal ganglia have been reported in patients suffering from fibromyalgia [40] and chronic vulval pain [59] . This lack of consistency is difficult to explain, but may be due to different neuropathological mechanisms of the processes ultimately leading to pain chronification. Further gray matter decreases were found in lobule VIIa of the right cerebellum. Recent studies likewise found decreased gray matter volume in patients with chronic tension type headache, migraine and trigeminal neuralgia [60] [61] [62] . Interestingly, the decreased volume correlated positively with the duration of the headache. Some authors proposed a relationship between cerebellar abnormalities and the metabolic and functional disturbances in migraine [63, 64] . Functional MRI evidence for pain-related pattern in the cerebellum has been reported. Gracely et al. [65] showed that coping strategies like catastrophizing lead to altered activations in the cerebellum. A direct relationship between cLBP and structural changes in the cerebellum has not been established yet. Diffuse decreases as well as increases of the gray and white matters were found in the orbitofrontal cortex. Our results are in line with recent studies [29, 36, 40, 46] indicating a pain-modulating role in the antinociceptive system [66, 67] . The analysis of the white matter revealed a decrease in the anterior limb of the left internal capsule. This region contains bundles of fibers that connect the frontal lobe with regions such as the caudate where significant decreases of the gray matter volume were found.
Interestingly, no GM and WM changes were found in the primary somatosensory cortex. While short lasting pain leads to substantial increase of the gray matter in the somatosensory cortex [35] no changes were found in patients suffering from chronic pain. As things are now, it is unknown why some people develop chronic pain syndromes. It seems that chronic pain patients lost the ability to habituate to pain [68, 69] . Some authors explain the lack of GM increase in the somatosensory cortex with cognitive maladaptation to acute pain. They speculate that no significant noxious input is present any more. Probably, the brain mostly drives the experience of a constant pain [35] . This idea is consistent with the assumption that the fear of pain is more disabling than the pain itself [70] . The contemporary fearavoidance-model was introduced to describe how pain-related fear leads to pain disability, affective distress and physical disuse as result of persistent avoidance behaviors [71] .
The current study has some limitations that need to be addressed. The nature of cross-sectional studies allows only limited conclusions on the dynamic pattern of the observed cerebral changes. Despite the significant structural differences between the LDH patients and the healthy control group the VBM analysis cannot account for the underlying cytoarchitectonic reasons. Thus, a variable size of cells, increased or decreased synaptogenesis or an altered number of astro-and microglia might account for the GM and WM changes found [40] . Additionally, the results and therefore the observed regions are limited by a relatively small statistical power. Some of the regions that were found could merely related to high levels of noise. Nevertheless, the presented exploratory approach and results justify large-scale studies. Thus, further multimodal imaging studies should be conducted to provide further insight into the underlying nature of these painrelated morphometric brain alterations and could possibly identify prognostic factors that improve the conservative as well as the operative treatment of the LDH.
